Fullerene C^ dissolved in polyvinylpyrrolidone was mutagenic for Salmonella strains TA102, TA104 and YG3003 in the presence of rat liver microsomes when it was irradiated by visible light The mutagenicity was elevated in strain YG3003, a repair enzyme-deficient mutant of TA102. The mutation was reduced in the presence of p*-carotene and parabromophenacyl bromide, a scavenger and an inhibitor, respectively, of phospholipase. The results suggest that singlet oxygen was generated by irradiating the C^ by visible light and that the mutagenicity was due to oxidized phospholipids in rat liver microsomes. Of the phospholipids in rat liver microsomes, the linoleate fraction isolated by high performance liquid chromatography was a major component, and played an important role in mutagenicity. Methyl linoleate, which was prepared for gas chromatographic analysis, was readily oxidized to hydroperoxymethyl linoleate, and associated with both 10-and 12-hydroxyl derivatives with a double bond in chemical structure by singlet oxygen: radicals to the hydroxyl function were probably generated. Because of the instability of the hydroxymethyl linoleate radicals, guanine residues generated radicals. The results of ESR spectrum analysis suggested generation of radicals at the guanine base but not thymine, cytosine and adenine bases as estimated with the g value of 2.0150. On the other hand, the singlet oxygengenerating Ceo formed 8-hydroxydeoxyguanosine (8-OHdG) upon treatment with 2' deoxyguanosine and microsomes or linoleate. The formation of 8-OH-dG was highly elevated in the presence of microsomes and linoleate. The level of 8-OH-dG formed with and without the microsome fraction was 47 and 9.6 units, respectively, per 10 4 deoxyguanosine. It was considered that the mechanism is indirect action of singlet oxygen due to lipid peroxidation of linoleate that causes oxidative DNA damage.
Introduction
Fullerene C^ and C 7 Q were identified in carbon vapor produced by laser irradiation of graphite (1), and analyzed by high performance liquid chromatography (2) . It has been suggested that the fullerenes might be formed in sooting flames, and indeed all carbon ions with mass/charge ratios suggested by fullerenes have been detected in the flames (3) . However, the
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analysis of a variety of commonly occurring soot have generally failed to reveal the presence of fullerenes at detectable levels.
In reference to genotoxicity of fullerenes, Tokuyama et al. (4) investigated the in vitro cytotoxicity of fullerene derivatives in HeLa S3 cells, and found that functionalized C50 derivatives exhibited photoinduced DNA scission properties. Furthermore, it has been said that C^ derivatives should be inhibitors of HTV-1 protease due to their steric and chemical complementarity with the active site (5) . Recently, it was found that C(Q could promote cell differentiation in a rat embryonic limb bud cell culture system (6) , but showed neither initiating nor promoting activity in BALB/3T3 cell transformation (7) . In addition, fullerenes applied in benzene did not promote tumors when they were repeatedly applied to the skin after initiation with 7,12-dimethylbenzoanthracene, and they did not have acute toxic effects on mouse skin epidermis (8) . In focusing on various biological effects of fullerenes, the mutagenic activity in Salmonella typhimurium is of importance for evaluating genotoxicity and carcinogenicity.
On the other hand, singlet oxygen production by fullerene has been reported by several investigators, and generation of singlet oxygen by C#) was confirmed by means of photoacoustic (9) , thermal lensing (10), a Ge-detector monitoring 1271 nm emission through an interference filter (11), and laser excitement (12) . It has been found that the generation of singlet oxygen in a QQ benzene-methanol solution was 12-fold higher than that with eosin yellowish, and several-times higher than with methylene blue (12) . The singlet oxygen generated by Cft) was reduced by the addition of (i-carotene, a scavenger of singlet oxygen. In addition, oxygen generated by methylene blue/visible light induced DNA damage in Salmonella typhimurium, such as base modification (13) .
The aim of this study was to determine the mutagenic effect of lipid peroxidation of singlet oxygen that was induced by fullerene Cgo exposed to visible light.
Materials and methods

Chemicals
Cff, was obtained from one of the authors, and its purity was >99.9%. According to the procedure of Yamakoshi et al. (14) , Q0 (0.8 mg) dissolved in toluene (1 ml) was added to 2 ml of CHCI3 containing 100 mg of polyvinylpyrrolidone (PVP*) (Wako Pure Chemical Industries, Ltd). After the solvents were removed by evaporation in vacuo, the material was redissolved in 2 ml of water purified by ion exchange or deuterium oxide (D 2 O) (Aldrich Chemical Co. Inc.) Superoxide dismutase (SOD), L-ascorbic acid, phospholipase A2, parabromophenacyl bromide (BPB) and (i-carotene were obtained from Sigma Chemical Co., St Louis, MO.
8-Hydrodeoxyguanosine (8-OH-dG) for determining oxidative DNA damage was kindly provided by Professor H.Kasai, University of Occupational and Environmental Health, Kitakyushu, Japan.
Bacterial strains Salmonella typhimurium strains TA102, which detects mutagcns damaging A-T base pairs on DNA and TA104, which has an increased uvr B mutation on the chromosome, were kindly provided by Profesor B.N.Ames, University of California, Berkeley, CA. Also, S.typhimurium YG3O03, a repair enzymedeficient mutant of TA102, was obtained from Dr T.Nohmi, National Institute of Health Sciences, Tokyo.
Mutagenicity test
The mutagenicity test was performed according to the procedure reported previously (15) . All of the procedures of the plate incorporation assay with or without S9 in the absence of cofactors were performed under irradiation by visible light (100 W fluorescent light with 400-600 nm at a distance of 25 cm) for 20 nun or without irradiation in the dark room, and the plates were then incubated aerobically for 48 h or in anaerobic Gas Pak jars (BBL Microbiology Systems, Cockeysville, MD) for 16 h and incubated aerobically for an additional 32 h.
Preparation of rat liver S9 fraction
Rat liver S9 fraction was prepared from male Wistar rats. The rats were intraperitoneally injected with Aroclor 1254 at a dose of 500 mg/kg body weight (16) . Protein contents in rat liver S9 fraction were prepared at the concentration of 26 mg/ml.
Singlet oxygen emission in the assay system
To confirm the emission of singlet oxygen, Qo dissolved in PVP was irradiated by visible light for different times and then the preparation for the plate incorporation assay was carried out in a dark room. The plates were incubated aerobically for 48 h.
Liposome preparation
To determine radical production with electron spin resonance (ESR) spectroscopy, a liposome solution (Sigma) was prepared by liposome kits consisting of 63 (imol of L-<x-phosphatidylcholine, 18 |imol of stearylamine and 9 |imol of cholesterol. Qo (0.3 mg) was suspended in 0.09 ml of toluene, and subsequently dissolved in the liposome solution. After sonication in an icebath for 60 min, the solvent was evaporated under vacuum, and the residue was suspended in 1 ml of 10" 2 M HEPES buffer (Dojindo Laboratories). The suspension was rigorously stirred with glass beads, and sonicated in an icebath for 60 min. After filtration through filter paper (Advantec No. 5c), a colloidal solution was obtained.
Measurements by ESR
The ESR spectra were determined by using a Nihon Denshi Spectrometer JES-3BX (100 kHz 200 gaussmeter). Microwave frequency was monitored by a frequency counter connected in the waveguide between the microwave bridge and the cavity. Cgo (200 |ig) was dissolved in liposome solution (200 (ig) and 20 mg of bovine thymus DNA (Sigma), or guanine, cytosine, adenine or thymine (Wako). The reaction mixture was sonicated for 45 min at 4°C, and then exposed to visible light (400-600 nm) for 20 min.
High performance liquid chromatography
To determine phosphatidylcholine in rat liver microsomes, the material was analyzed on a column of TSK gel (silica 60, 4.6 i.d.X250 mm, Tosoh Co., Ltd) with acetonitrile, methanol, phosphate buffer solution (pH 7.0) (9:9:1, v/ v/v) as eluants, and to identify linoleate and hydroperoxylinoleate, it was analyzed on a column of Micro-Bonda pack FAA (4.6 i.d.X250 mm) (Waters Co., Ltd) with acetonitrile-tetrahydrofuran-water (5:3:2, v/v/v) as eluents by means of HPLC. The eluates from the column were fractionated at intervals of 30 s to separate fatty acid as described previously (15) .
Gas chromatography and mass spectrometry (GC-MS)
The GC-MS analysis was performed on a fused silica capillary column (0.25 i.d.X30 m) by using a gas chromatograph (Varian 3400) interfaced with a Finnigan MAT90 mass spectrometer. The GC-MS system was equipped with a fused silica capillary column (0.25 mm i.d.X30 m) coated with SE-30 stationary phase. The column oven temperature was programmed from 70 to 180°C at 20°C/min and from 180 to 220°C at 3°C/min. The GC injection and ion source temperatures were maintained at 200°C for 15 min. To determine phospholipid mutagenic fraction eluted on HPLC column was lyophilized, and the material (1 mg) was methylated with N,O-bis(trimethylsilyl)acetamide (Tokyo Kasei-Kogyo Co. Ltd). After centnfugation at 3000 r.p.m. for 20 min, die material was analyzed in the GC-MS system.
Detection of 8-OH-dG by HPLC
A mixture of 0.01, 0.1, 1.0 or 10 mg of QQ, and 2'-deoxyguanosine (2"-dG) (500 ng) in the presence or absence of rat liver microsomes (100 ng) or linoleate (100 mg) was gently stirred at room temperature for 16 h under irradiation by visible light After the treatment, the mixture was centrifuged at 10 000 r.p.m. for 10 min, and the supernatant was injected into an HPLC apparatus coupled with an electrochemical detector (Toyo Soda HLC-8O3D); column, Beckman Ultrasphere ODS (0.46X25 cm); eluant, 10% aqueous methanol containing 12.5 mmol of citric acid, 25 mmol of sodium acetate, 30 mmol of NaOH, 10 mmol of acetic acid: flow rate. 1 ml/min. The molar ratio of 8-OH-dG to 2'-dG was determined on the basis of peak height of authentic 8-OH-dG measured with the electrochemcial detector and the UV absorbance at A 290 of 2'-dG. 
Results
Mutagenicity of C^o after irradiation by visible light
C50 is a non-polar compound, insoluble in distilled water and dimethylsulfoxide, but was soluble at a concentration of 300 H-g/ml in PVP as a cofacter of solubility. To determine the mutagenicity of Qo in Salmonella strains TA102, TA104 and YG3OO3, C$0 dissolved in PVP was bioassayed in the presence or absence of S9 fraction without cofactor. The results with strain TA102 in the presence of S9 fraction are shown in Figure la and b. C^ was mutagenic in the presence of S9 fraction only when the preparation for the bioassay was irradiated by visible light. There were few if any revertants on plates prepared in the dark room. Mutagenicity of C<JO for strain TA102 was dependent on the dose and on the time of irradiation by visible light although its level was low while that of methylene blue showed strong reversion. It was also found that the mutagenicity for strains TA102, TA104 and YG3003 was markedly increased by irradiation by visible light for 20 min (data for strains TA104 and YG3OO3 not shown). It has already been found that strains TA102 and YG3OO3 can detect a variety of oxidative mutagens such as hydrogen peroxides. Accordingly, the mutagenicity was more potent in TA102 than in TA104, and also elevated in YG3OO3, a repair enzyme-deficient mutant of TA102. Reversion was dose dependent up to the 30 ^.g/plate tested.
In addition, this mutagenicity was increased by addition of phospholipase A2 (1 unit/ml), an enzyme that releases unsaturated fatty acid, and by sonication of rat liver microsomes with Ceo for 5 min by means of sonicator (135 W) after irradiation by visible light. This finding suggests that the mutagenicity is associated with unsaturated fatty acids released from microsomes with singlet oxygen, and in addition needs oxygen (Figure 2a) . The mutagenicity was also increased by using rat liver microsomes prepared with D 2 O rather than H 2 O as a solvent (Figure 2a) . The greater mutagenicity of C^ in D 2 O than in H 2 O might be related to the stability of the singlet oxygen generated.
Lipid peroxidation by singlet oxygen
It was presumed that the C^ mutagenicity is associated with lipid peroxidation of rat liver microsomes. Figure 2b illustrates the CGQ mutagenicity in the presence of 100 \\M fj-carotene, a singlet oxygen scavenger, 1 (i/ml of BPB, an inhibitor of phospholipase, 100 (J.M L-ascorbic acid, a scavenger of H 2 O 2 , and 0.5 mM SOD, a scavenger of superoxide, after the irradiation by visible light. Mutagenicity was extremely reduced in the presence of p-carotene, but not SOD, or Lascorbic acid, suggesting that lipid peroxidation of an unsaturated fatty acid plays an important role in mutagenicity. In the rat liver microsomes used in this study, the composition of the phospholipid was found to be 53% phosphatidylcholine, 25% phosphatidyl ethanolamine, 4% phosphatidyl serine, and 9% phosphatidyl inositol when they were fractionated by HPLC ( Figure 3 ) and analyzed by GC-MS. The phosphatidyl choline fraction was mutagenic for strain TA102 when it was incubated with Ceo after irradiation by visible light. The major part of the phosphatidyl choline fractions were 32.1% methyl palmitate, 24.3% methyl linolenate, 14.6% methyl oleate, 11.5% methyl sterate, 10.6% methyl arachidonate, and 0.1% methyl linolenate. Of these phosphatidylcholine fractions, methyl linoleate, a methyl derivative prepared for gas chromatographic analysis, showed mutagenic activity by reacting with singlet oxygen (Figure 4 ). Methyl linoleate isomers were readily oxidized to hydroperoxymethyl linoleates by singlet oxygen. In the isomers, 9-, 10-, 12-and 13-hydroperoxymethyl linoleates with two double bonds in their chemical structure, were found to be produced at the rate of 0.6, 3.1, 3.5 and 0.9%, respectively, in the presence of singlet oxygen generated from C^ when they were analyzed by means of the GC-MS system (Table I) . By oxidation of methyl linoleate with singlet oxygen, the formation of 10-and 12-hydroperoxy methyl linoleate isomers was detected ( Figure 5 ) and their formation was at a higher level than that of 9-and 13-hydroperoxymethyl linolate isomers ( Figure 6 ). In the absence of singlet oxygen, the formation of hydroperoxymethyl linoleates was at a low level (Figure  6k-n) . It was considered that, basically, the hydroperoxymethyl linoleates are readily oxidized to malondialdehyde. Malondialdehyde is well known as a final product of lipid peroxidation and a mutagen in Salmonella strains. We then attempted to confirm the product of methyl linoleate, 4- hydroxy-2-nonenal, an intermediate of the lipid peroxidated product, by means of monoclonal antibody (data not shown). According to the result, the product was not detected even if it was demonstrated by GC-MS analysis. 
Mechanism of mutation by lipid peroxidation
As a case of lipid peroxidation by singlet oxygen, the photosensitized oxygenation of cholesterol was investigated. Cholesterol produced 7a-and 7p%hydroxyperoxycholest-3p%ol, and 5-hydroperoxycholest-5-en-3P-ol at the same level by the autooxidation. However, in the presence of the Ceo-generated singlet oxygen, cholesterol produced significantly only 5-hydroperoxycholest-5-en-3f}-ol though it was not mutagenic (unpublished data). This finding suggests that lipid peroxidation of cholesterol by the singlet oxygen differs from its autooxidation. By lipid peroxidation of methyl linoleates, 10-and 12-hydroperoxymethyl linoleates were produced, and the unstable radicals might be generated at the hydroperoxyl group of the 10 or 12 position on the chemical structure. C^o dissolved in liposome solution was mixed with methyl linoleates and either of bovine thymus DNA, or guanine, cytosine, adenine and thymine bases as described in Materials and methods. As indicated in Figure 7 , ESR spectrum analysis revealed the signal only in both the mixtures of the Cgo-generated singlet oxygen, methyl linoleate and bovine thymus DNA or guanine base but not adenine, cytosine and thymine. Actually, the ESR signal was not present in any DNA bases, methyl linoleate or Cfto without irradiation by visible light. The g-value determined by the ESR analysis was 2.0050 for guanine base, 2.0048 for bovine serum DNA, and 2.0150 for hydroxymethyl linoleate radicals. In a similar experiment, guanine bases on DNA purified from strains TA102, TA104 and YG3OO3 were analyzed by ESR, and the g-values were 2.0051, 2.0051 and 2.0049, respectively. A major agent involved with mutagenicity might be associated with guanine radicals, but not hydroxymethyl linoleate radicals. It was assumed, therefore, that the guanine radicals were induced at hydrogen of the probable Nl, C2 or C8 position of the guanine base by electron transition of the 10-or 12-hydroxymethyl linoleate radicals.
Formation of 8-OH-dG
8-OH-dG is one of the most critical lesions generated from deoxyguanosine in DNA by oxygen free radicals. As described in Materials and methods, a mixture of C(^, 2'-dG (500 (ig) and with or without rat liver microsomes or linoleate (100 mg) was treated, and the amount of 8-OH-dG was measured. doses of Ceo m the presence of 500 ^.g of 2'-dG for 16 h. The level of 8-OH-dG formed with or without microsome fraction was 47 and 9.6 units, respectively, per 10 4 dG. In the presence of microsome fraction, the formation of 8-OH-dG was markedly increased up to 25 h, and subsequently decreased. This might have led to decomposition of 8-OH-dG due to physical or chemical action such as light or repair enzymes in the microsome. In the treatment from 15 to 25 h, the formation of 8-OH-dG was time dependent. The amount of 8-OH-dG product in the presence of microsome fraction was 4.9 times greater than in the absence of microsomes, and was also elevated in the presence of linoleate. By treatment with Câ nd 2'-dG in the presence of linoleate (20 |ig), the level of 8-OH-dG formed was 110 unit/10 4 that of 2'-dG. In addition, the formation of 8-OH-dG differed from the amounts of C^o and 2'-dG present. The results therefore suggest that the presence of the microsomes or linoleate is strongly associated with lipid peroxidation due to singlet oxygen.
Discussion
It has been reported that singlet oxygen is generated from laser-excited C,JO, which has considerably higher efficiency than other photosensitizers (12) . However, there has been a conspicuous lack of data on the biological activity of fullerene solution. Yamakoshi et al. (14) reported that C^ and C 70 can be solubilized in water with PVP, a widely used medical and cosmetic dispersant and viscosity regulating agent. By using that solvent for the solubilization, various biological effects have been examined (6, 7) . C^ generated singlet oxygen when it was irradiated by visible light for a short time, and mutation was observed in strains TA102, TA104 and YG3OO3 in the presence of rat liver S9 fraction. It has been found that strain TA102 contains a mutation consisting of the presence of only A-T base pairs in the mutated triplet, and as an ochre type, and strongly reverses various oxidants such as superoxide radicals, cumene hydroperoxide, and hydrogen peroxide (17) . Numerous lipid cholesterol hydroperoxides and hydrogen per-oxide are noteworthy as major endogenous carcinogens generated by normal metabolism. The mutagenicity of C^ was superior to that of TA104 for detecting crosslinking agents. Strain YG3OO3 was chosen by Nohmi and co-workers (unpublished data) as a repair enzyme-deficient mutant, and strongly reversed auxotrophy to prototrophy in the presence of singlet oxygen and rat liver microsomes. The mutagenicities were inhibited in the presence of BPB, an inhibitor of phospholipase, and of (3-carotene, a scavenger of singlet oxygen. The results suggest that the mutagenic activity required release of phospholipase from microsomes, and resulted from lipid peroxidation of unsaturated fatty acid with singlet oxygen. Tien and Aust (18) reported that microsomal lipid from rabbit liver was much less susceptible to lipid peroxidation because of the lower unsaturated fatty acid content rather than the presence of antioxidants in rabbit liver microsomal lipid. In this study, saturated and unsaturated fatty acids in the phosphatidyl choline fraction isolated on the HPLC column were determined by the GC-MS system. They consisted of 32.1% methyl palmitate, 11.5% methyl stearate, 14.6% methyl oleate, 24.3% methyl linoleate, 0.1% methyl linolenate and 10.6% methyl arachidonate when they were detected as methyl derivatives in the GC-MS analysis. Of the polyphospholipids, 10-and 12-methyl linoleates were readily oxidized to 10-and 12-hydroperoxymethyl linoleates by lipid peroxidation. It was postulated that the 10-and 12-peroxymethyl linoleates probably generated radicals at the hydroperoxylate of the 10-or 12-position, though it might be unstable. The peroxymethyl-linoleate radicals bound specifically to guanine bases, and the guanine radicals might be generated as estimated with the g value of 2.0150.
Regarding lipid peroxidation by the singlet oxygen, the photosensitized oxygenation of cholesterol was different from that of linoleate. By the auto-oxidation, cholesterol produced 7a-and 7P-hydroxyperoxycholest-3p-ol, and 5-hydroperoxycholest-5-en-3P-ol at the same level. By lipid peroxidation in the presence of the C^-generated singlet oxygen, however, cholesterol produced only 5-hydroperoxycholest-5-en-3P-ol, a non-mutagenic product. These results contrast with the lipid peroxidation of linoleate, in which the hydroperoxymethyl linoleate product was elevated in the presence of the singlet oxygen ( Figure 6 ).
It has been demonstrated that various oxygen radicalproducing agents form 8-OH-dG by hydroxylation of the C-8 position of deoxyguanosine residues (19) . By the HPLCelectrochemical detector system, 8-OH-dG was detected in a mixture of Cgo with rat liver microsomes or linoleate and 2'-dG after irradiation by visible light. The formation of 8-OHdG was dependent upon the reaction of the C^-generated singlet oxygen with 2'-dG, and it was elevated in the presence of microsomes or linoleate. These results suggest that guanine radicals stimulated by peroxylinoleate radicals were generated at the N1-, C2 or C8-position of deoxyguanosine, and that 8-OH-dG might be formed by electron transition. The generation of guanine radicals was confirmed by the ESR spectrum analysis. Wood et al. (20) reported that following transfection of Escherichia coli with a single-stranded site-specifically modified genome a G->T transversion mutation occurred as a consequence of the 8-OH-dG adduct since the lesion was incorporated at this site, and the frequency of this tranversion was ~0.7%. Similarly, a major product of oxidative DNA was also determined by two complementary bacteriophage plaque color assays, and the mutagenic specificities of 8-OH-dG were G->T and A->C substitutions (21) .
It has been reported that the biological activity of singlet oxygen leads to the induction of DNA lesions such as DNA strand breakage (22) , reaction with 2'-deoxyguanine-3'-monophosphate (23) , and DNA base modification in a Salmonella strain (13) . The cellular DNA damage caused by singlet oxygen generated from methylene blue was dominated by base modification, which was the direct action of singlet oxygen (13) . It has been found that singlet oxygen generated outside the bacterial cell does not react significantly with the bacterial chromosome in ways leading to base-pair substitutions, frameshift mutations, deletions, duplications or damage that interferes with DNA replication (24) . Similarly, we found that the singlet oxygen generated by C^ did not induce DNA breaks in pBR 322 plasmid DNA in the presence of rat liver microsomes even if the mixture was incubated microaerophilically at 4°C for 24 h (data not shown). Tokuyama et al. (4) have also reported that the singlet oxygen generated by Cd id not induce single-strand breaks in pBR 322 plasmid DNA. Therefore, the generation of hydroxylmethyl linoleate radicals, though they were not confirmed and were probably unstable, plays a predominant role in inducing mutation. As measured by ESR analysis, the guanine radicals might be due to chemical interaction with hydroxymethyl linoleate radicals. This conclusion is consistent with the generation of guanine radicals because malondialdehyde, a product of lipid peroxidation (25) , showing mutagenicity for E.coli (26) and a Salmonella (27), was not detected as a product of the lipid peroxidation of methyl linoleate. 
